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Abstract. The two concerted field campaigns, Arctic CLoud
Observations Using airborne measurements during polar Day
(ACLOUD) and the Physical feedbacks of Arctic planetary
boundary level Sea ice, Cloud and AerosoL (PASCAL), took
place near Svalbard from 23 May to 26 June 2017. They were
focused on studying Arctic mixed-phase clouds and involved
observations from two airplanes (ACLOUD), an icebreaker
(PASCAL) and a tethered balloon, as well as ground-based
stations. Here, we present the synoptic development dur-
ing the 35-day period of the campaigns, using near-surface
and upper-air meteorological observations, as well as opera-
tional satellite, analysis, and reanalysis data. Over the cam-
paign period, short-term synoptic variability was substantial,
dominating over the seasonal cycle. During the first cam-
paign week, cold and dry Arctic air from the north per-
sisted, with a distinct but seasonally unusual cold air out-
break. Cloudy conditions with mostly low-level clouds pre-
vailed. The subsequent 2 weeks were characterized by warm
and moist maritime air from the south and east, which in-
cluded two events of warm air advection. These synoptical
disturbances caused lower cloud cover fractions and higher-
reaching cloud systems. In the final 2 weeks, adiabatically
warmed air from the west dominated, with cloud proper-
ties strongly varying within the range of the two other pe-
riods. Results presented here provide synoptic information
needed to analyze and interpret data of upcoming studies
from ACLOUD/PASCAL, while also offering unprecedented
measurements in a sparsely observed region.
1 Introduction
The phenomenon of Arctic amplification – the 2–3 times
higher warming of the Arctic relative to the global atmo-
sphere – is a major indication of current drastic Arctic
climate changes (Serreze and Barry, 2011). A number of
potential causes for this special feature of the Arctic cli-
mate system are discussed, which include various intercon-
nected processes and feedback mechanisms, such as sea ice
loss and surface albedo feedback, meridional atmospheric
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and oceanic energy fluxes, and atmospheric radiation effects
linked to temperature, water vapor, and clouds (Pithan and
Mauritsen, 2014). Still, the relative importance of these dif-
ferent feedback mechanisms is subject of the current scien-
tific debate (Wendisch et al., 2017).
Climate models have difficulties in reproducing the ob-
served drastic Arctic climate changes, and therefore the un-
certainty in Arctic climate projections is larger than in other
parts of the world (Stocker et al., 2013). This issue is related
to major gaps in understanding of key processes particularly
important for the Arctic climate system. Significant uncer-
tainties in the parameterization of subgrid-scale processes
remain one of the major challenges for realistic climate sim-
ulations, particularly in high latitudes (Vihma et al., 2014).
Further important open questions are associated with cloud
physical processes (e.g., Tjernström et al., 2008; de Boer
et al., 2014; Pithan et al., 2014) and sea ice albedo–cloud ra-
diative interactions (e.g., Karlsson and Svensson, 2013; En-
glish et al., 2015). The results of different Arctic climate
models substantially disagree; they also generally do not
match with observations, in particular with respect to hy-
drometeor phase partitioning in mixed-phase clouds (Mor-
rison et al., 2011; McIlhattan et al., 2017) and the vertical
structure of the atmospheric boundary layer (ABL; Svensson
and Lindvall, 2015), which are interrelated (Lüpkes et al.,
2010; Barton et al., 2014; Pithan et al., 2014). Those biases
can considerably affect the water vapor and temperature pro-
files and the atmospheric radiation budget, which can con-
sequently alter the individual climate feedback (Kim et al.,
2016). To make substantial progress in these areas, dedicated
observational campaigns in the Arctic are crucial.
In this framework, a number of airborne and ship-based
campaigns with a focus on Arctic aerosol–cloud–ABL pro-
cesses were conducted within the last decade (Wendisch
et al., 2018, and references therein). However, most of these
previous observational campaigns in the Arctic obtained rel-
atively few process-level observations of the coupled Arc-
tic climate system, especially related to interactions between
clouds and the ABL and with regards to the radiative interac-
tion of the cloud properties with the surface. And, although
all these campaigns have been conducted in the last decade
and thus measured the “new Arctic” (Jeffries et al., 2013,
and references therein), they are hard to compare due to the
different synoptic and sea ice conditions as well as climate
regimes in the various regions. Nevertheless, the comparison
both with other campaigns and with the long-term observa-
tions of the land-based station Ny-Ålesund helps to estimate
the representativeness of the measurements for the sea ice
environment of the Arctic North Atlantic sector, and if/how
the results can be scaled up or generalized.
The Arctic CLoud Observations Using airborne measure-
ments during polar Day (ACLOUD) and the Physical feed-
backs of Arctic planetary boundary level Sea ice, Cloud and
AerosoL (PASCAL; Macke and Flores, 2018) field cam-
paigns (hereafter referred to as ACLOUD/PASCAL) were
conducted from 23 May to 26 June 2017 (Wendisch et al.,
2018). Concerted, process-oriented observations of a diver-
sity of atmospheric and surface parameters were collected
by instrumentation installed on the Polar 5 and Polar 6 air-
craft of the Alfred Wegener Institute (AWI), an ice floe sta-
tion including a tethered balloon, the research vessel (RV)
and icebreaker Polarstern of AWI (hereafter referred to as
Polarstern), and from the ground-based site in Ny-Ålesund
on Svalbard. The campaigns took place near Svalbard in the
transition zone of the Greenland Sea and the Arctic Ocean
between open ocean and sea ice.
The Arctic North Atlantic sector is particularly different as
compared to other Arctic regions. It is frequently affected by
cyclones associated with the Icelandic Low (Serreze et al.,
1997), which transport heat and moisture into the Arctic
(Sorteberg and Walsh, 2008), driving the transitions between
radiatively clear and cloudy states (Stramler et al., 2011; Gra-
ham et al., 2017). It is also the region of most frequent in-
trusions of moist and warm air entering the Arctic (Woods
and Caballero, 2016; Dahlke and Maturilli, 2017; Nash et al.,
2018), which affects the marginal ice zone (MIZ) as well
as the atmospheric thermodynamic structure, and the forma-
tion, distribution, and properties of clouds (Johansson et al.,
2017). In this area, the conditions are favorable for studying
the coupling of the ABL clouds with cyclones and large-scale
circulation, of which numerous climate model studies have
focused on the last two (e.g., Catto et al., 2010; Zappa et al.,
2013; Knudsen and Walsh, 2016). Furthermore, the proxim-
ity to the sea ice edge north of Svalbard allows an investi-
gation of the cloud microphysical changes during air mass
transformations during both moist air intrusions and cold
air outbreaks (Young et al., 2016). Overall, the area close
to Svalbard enables studies of the response of cloud proper-
ties to changes in local sea ice conditions, surface heat, and
moisture fluxes, in the thermodynamic structure of the lower
atmosphere, and to the large-scale synoptical conditions that
control the origin of the air mass in which the clouds form.
The intra- and interannual variability of the Arctic at-
mosphere is an important aspect. Therefore, it is crucial to
put the short-term campaign observations into a climato-
logical context, also to understand how representative these
are. Accordingly, this paper characterizes the synoptic-scale
weather and sea ice conditions during ACLOUD/PASCAL
and compares them with existing climatology and other Arc-
tic field campaigns. In doing so, the findings presented here
show how the synoptic variability is related to the vari-
ability in surface observations, atmospheric profiles, and
circulation indices using ACLOUD/PASCAL background
data, as well as Ny-Ålesund observations, reanalysis, oper-
ational analysis, and satellite data. The paper aims to help
interpret the upcoming detailed process studies of clouds,
aerosols, energy fluxes, and other parameters observed dur-
ing ACLOUD/PASCAL. Moreover, our detailed analysis
gives useful insight into the processes during a typical transi-
tion period from freezing to melting conditions in the region
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around Svalbard. An improved understanding of processes
in this region is important due to its particularly marked cli-
mate changes. Those involve an observed surface and atmo-
spheric warming and moistening, as well as changes in the at-
mospheric circulation with less (more) frequent atmospheric
flow from the south in summer (autumn and winter) (Ma-
turilli and Kayser, 2017).
Section 2 introduces ACLOUD/PASCAL and the data
used to describe the synoptic conditions encountered during
this period. Section 3 presents the time series of the basic
meteorological variables and weather classifications. Based
on these, three key periods are defined and characterized in
terms of key meteorological parameters in Sect. 4. Section 5
puts the observations into a climatological and regional con-
text. Finally, results are summarized and concluding remarks
are given in Sect. 6.
2 Data
In this section, we present data that were obtained dur-
ing ACLOUD/PASCAL in order to characterize and classify
the synoptic evolution during the measurement period. Fol-
lowing an introduction of the ACLOUD/PASCAL set-up in
Sect. 2.1, Sect. 2.2, 2.3, and 2.4 describe the surface-based
measurements, satellites and models applied, respectively.
2.1 Campaign set-up
The region investigated by ACLOUD/PASCAL is shown in
Fig. 1 by the track of PASCAL and the flight activities of
ACLOUD. For a comparison, the tracks of the icebreakers
DesGroseilliers during the Surface Heat Budget of the Arc-
tic Ocean (SHEBA) campaign and Oden during the Arc-
tic Ocean Expeditions of 1996 (AOE-96) and 2001 (AOE-
2001), as well as during the Arctic Summer Cloud Ocean
Study (ASCOS), Tara during Tara, and Lance during the
Norwegian young sea ICE (N-ICE2015) expedition are also
included in Fig. 1a.
The instrumentation and measurement strategy of
ACLOUD/PASCAL is described in more detail by Wendisch
et al. (2018). In addition to satellite and model data, here
we also present measurement results from the land-based
research AWI Polar Institute Paul Emile Victor (AWIPEV)
station in Ny-Ålesund, as well as from Polarstern cruising
into, mooring to, and cruising out of the sea ice northwest of
Svalbard.
Figure 1b and c illustrate that the climatological mean
location of the MIZ runs southwest from Svalbard toward
Greenland. During ACLOUD/PASCAL, it extended anoma-
lously close to Svalbard in the near west, north, and east
vicinities compared to recent years (Tetzlaff et al., 2014; Fet-
terer et al., 2018). Therefore, Polarstern was able to moor
onto an ice floe relatively close to Svalbard (around 82◦ N,
10◦ E; Fig. 1c), making it easy to reach the icebreaker with
Polar 5 and Polar 6 based in Longyearbyen (Fig. 1b). The
area of flight activities of ACLOUD extended to Ny-Ålesund
and the MIZ west of Svalbard, which were in reach of the
aircraft. Within this area, five flights with Polar 5 and Po-
lar 6 were coordinated with A-Train satellite constellation
overpasses to characterize the vertical structure of clouds
(Stephens et al., 2002).
2.2 Surface-based measurements
Near-surface meteorological and radiosonde data were col-
lected throughout ACLOUD/PASCAL in Ny-Ålesund, at the
ice floe station, and aboard Polarstern. The former cover
the entire ACLOUD flight period (23 May–26 June 2017),
whereas the latter stem from the time when Polarstern was
north of the Arctic Circle only (28 May–18 June 2017).
These are presented in Sect. 3.1, 3.2, and 4.1.
The AWIPEV research base in Ny-Ålesund is located
about 100 km northwest of Longyearbyen. Since 1992,
AWI has routinely operated a variety of atmospheric mea-
surements in Ny-Ålesund, which were intensified during
ACLOUD/PASCAL. The frequency of the daily radiosonde
measurements was increased to four Vaisala RS41 launches
per day, providing 6-hourly vertical profiles of temperature,
humidity, pressure, and wind speed and direction with about
5 m vertical resolution (Maturilli, 2017a, b). By integration,
6-hourly integrated water vapor (IWV) is retrieved. Standard
atmospheric parameters were observed every minute at the
surface (Maturilli et al., 2013), of which surface pressure and
2 m temperature are presented here.
In immediate vicinity of the AWIPEV research base, the
surface radiation measurements of the Baseline Surface Ra-
diation Network (BSRN) provide information on global and
reflective solar radiation (Maturilli et al., 2015). The daily
precipitation amount is obtained from the Norwegian Me-
teorological Institute (MET Norway). Additionally, specific
ground-based remote sensing campaign activities to charac-
terize aerosol particles and clouds were conducted by lidar,
radar, microwave radiometer, and other instrumentation, as
described by Wendisch et al. (2018).
Four daily Vaisala RS92 radiosondes were launched from
Polarstern during most of the ACLOUD/PASCAL period
(Schmithüsen, 2017). These retrieved vertical profiles are
compared to the Ny-Ålesund data, as are pressure observa-
tions every minute at 16 m height and temperature observa-
tions at 29 m height aboard Polarstern (Schmithüsen, 2018).
Detailed information of the instrumentation of Polarstern
during PASCAL is summarized by Macke and Flores (2018)
and Wendisch et al. (2018).
2.3 Satellites
Polar-orbiting satellites play a key role for studies of sea ice,
snow, and cloud variability on a regional scale in the Arctic.
Sea ice data for the ACLOUD/PASCAL region in Fig. 1b and
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Figure 1. Overview of the (a) Arctic and (b, c) ACLOUD/PASCAL region. (a) Tracks of the icebreaker Polarstern during PASCAL (blue)
and previous Arctic ship-based campaigns (orange to light green; see Sect. 5.4 for description). For the former, dark and bright colors indi-
cate ocean-cruising (PSo; 30 May–5 June and 17–18 June 2017) and ice-attached (PSi; 6–16 June 2017) positions, respectively. (b) Tracks
of the aircraft Polar 5 (green) and Polar 6 (red) flights during ACLOUD (23 May–26 June 2017), with later dates in brighter colors.
(c) Track of PSo cruise and PSi position (blue). In panels (b) and (c), codes represent Longyearbyen (LYR), Ny-Ålesund (NYA), PSo
entering the ACLOUD/PASCAL region, and PSi, while the shading and the dashed line represent the average sea ice concentration over the
ACLOUD/PASCAL measurement period (23 May–26 June 2017) and edge (defined by 15 % concentration) (June 1979–2017), respectively
(see Sect. 2.3 for data explanation).
c and Sect. 4.3 are obtained from the University of Bremen
(UB; Spreen et al., 2017, following Spreen et al., 2008), the
National Snow and Ice Data Center (NSIDC; Fetterer et al.,
2018), and the Ocean and Sea Ice Satellite Application Fa-
cility (OSI SAF; Lavergne et al., 2010). They provide sea
ice concentration over the ACLOUD/PASCAL measurement
period, over the climatological period (1979–2017), and sea
ice drift over the ACLOUD/PASCAL measurement period,
respectively.
Daily sea ice concentration from UB and NSIDC were
obtained at 6km× 4km and 25km× 25km resolutions, re-
spectively. The former uses the Advanced Microwave Scan-
ning Radiometer for the Earth Observing System (AMSR-
E) and 2 (AMSR2) sensors (Spreen et al., 2017), while the
latter is based on observations of the Scanning Multichan-
nel Microwave Radiometer (SMMR), Seasat, Special Sensor
Microwave Imager (SSM/I), and Special Sensor Microwave
Imager/Sounder (SSMIS) sensors (Fetterer et al., 2018).
The multisensory products (AMSR2 and scatterometers) are
combined using an advanced cross-correlation method (con-
tinuous MCC) for the bidaily sea ice drift data, which were
downloaded at a 62.5km× 62.5km resolution.
The spatially varying date of snowmelt onset in the
ACLOUD/PASCAL region relative to climatology is shown
in Sect. 5.2. This analysis was based on the method by
Markus et al. (2009) (and updated by J. A. Miller of the Na-
tional Aeronautics and Space Administration Goddard Space
Flight Center; NASA GSFC), who used the NSIDC data
to develop an Arctic melt season climatology starting in
1979. The method utilizes the agreement of different bright-
ness temperature criteria. Compared to other methods (e.g.,
buoy data), satellite passive microwave measurements have
a larger spatial coverage, have a relative long and consistent
record, and are directly related to the melt signature of sea
ice or the overlying snow cover. This signature largely fluc-
tuates with snow and ice wetness, which drastically change
the dielectric properties of snow and ice and therefore their
emissivities.
Cloud properties are routinely retrieved from different
polar-orbiting satellite instruments. Unfortunately, consider-
ing the special focus on clouds during ACLOUD/PASCAL,
the most relevant satellite in the A-train constellation –
CloudSat – entered standby mode 4 June 2017 (CloudSat
DPC, 2017). Therefore, in Sect. 4.4, we show cloud obser-
vations made with the less advanced Infrared Atmospheric
Sounding Interferometer (IASI), which is limited in vertical
resolution but shows much better spatiotemporal coverage
(EUMETSAT, 2017). Infrared sounders are particularly ad-
vantageous to retrieve upper-tropospheric cloud properties,
with a reliable cirrus identification, day and night (Stuben-
rauch et al., 2017).
IASI is part of the MetOp series of polar orbiting satel-
lites and has a swath width of about 2200 km (EUMETSAT,
2017). Due to the meridional convergence of the orbits, the
temporal sampling of the ACLOUD/PASCAL region is high,
with several overpasses per day. Here, we use cloud cover
fraction and cloud-top pressure products (level 2, version
6) retrieved from IASI radiance measurements to investigate
the distribution of clouds. Cloud detection is performed fol-
lowed by a retrieval of cloud-top pressure using the CO2-
slicing technique for each IASI field of view (e.g., Lavanant
et al., 2011). As shown by Lavanant et al. (2011), the retrieval
of cloud-top pressure works best for homogeneous, opaque
clouds common for Arctic regions and is difficult in broken
and multi-layer cloud situations.
Atmos. Chem. Phys., 18, 17995–18022, 2018 www.atmos-chem-phys.net/18/17995/2018/
E. M. Knudsen et al.: Meteorological conditions during ACLOUD/PASCAL 17999
2.4 Models
Because in situ and satellite data can only provide a limited
perspective, reanalysis and operational analysis data from
the European Centre for Medium-Range Weather Forecasts
(ECMWF) are used to best describe the state of the atmo-
sphere over the broader domain and longer timescales. As
one of the objectives of ACLOUD/PASCAL is to investigate
the skills of forecast models, explicitly no forecasts are ana-
lyzed in this paper.
The European interim reanalysis (ERA-I; Dee et al., 2011)
provided data of atmospheric circulation, temperature, and
humidity for the ACLOUD/PASCAL region. This reanalysis
provides the best description of the state of the atmosphere
by assimilating a wealth of observations, including satellites,
radiosondes (also the ones described in Sect. 2.2 from Ny-
Ålesund and Polarstern), and land stations, and is found to
be well suited for the northern regions (Jakobson et al., 2012;
Chung et al., 2013; Lindsay et al., 2014).
ERA-I data were acquired on a 0.75◦× 0.75◦ horizon-
tal grid for the period of May–June 1979–2017. These data
served as the basis for the identification of atmospheric rivers
affecting Ny-Ålesund discussed in Sect. 3.1, following the
algorithm by Gorodetskaya et al. (2014) and adapted for the
Arctic. In the calculation of the weather events in Sects. 3.3
and 5.3, 6-hourly 850 hPa and skin temperature and 850 hPa
geopotential were used. Parameters presented in Sect. 4.2 are
based on 6-hourly 700 hPa geopotential, zonal and merid-
ional winds, temperature, and specific humidity. The 700 hPa
virtual potential temperature is estimated from the last two
and is therefore a merged measure of air temperature and hu-
midity (Etling, 2008). Daily 1000 hPa geopotential was ob-
tained for Sect. 5.1.
ECMWF operational analysis data were obtained on a
0.25◦× 0.25◦ horizontal grid. These were used for the syn-
optic description in Sect. 3.1 and provided the input for the
Lagrangian FLEXible PARTicle dispersion model (FLEX-
PART; Stohl et al., 2005) used to analyze the history of air
masses arriving in Ny-Ålesund in Sect. 4.1.
Using FLEXPART, we continuously released 480000 in-
dividual air parcels close to the surface at the location of
Ny-Ålesund for every day of the campaign period. These air
parcels represent an inert air mass tracer and were further
traced back in time for another 10 days. The distribution of
this air mass tracer – and thus the pathway of the trajecto-
ries through the atmosphere – does not only depend on the
mean wind given in the operational analysis data but also on
turbulent motions (Stohl et al., 2005). These motions also
affect the center of mass trajectories, contrasting the com-
monly used kinematic trajectories that only depend on the
mean wind field from meteorological input data. Using this
amount of individual air parcels and considering the turbu-
lent motions allow us to obtain a better estimate of the dis-
tribution of the air masses, which potentially affected the ob-
servations in Ny-Ålesund.
In backward mode, FLEXPART provides potential emis-
sion sensitivity (PES), which is the response function of the
source–receptor matrix (Seibert and Frank, 2004). PES is di-
rectly related to the residence time of a particle in a model
grid box and measures the simulated concentration at the re-
ceptor that a source of a unit strength in this model box would
produce for an inert tracer not affected by any removal pro-
cess (see also Stohl et al., 2005; Hirdman et al., 2010). We
used PES available on a 0.25◦ grid in the horizontal, which
represents the entire tropospheric column.
3 Temporal evolution
In this section, time series from Ny-Ålesund and Polarstern
over the course of the ACLOUD/PASCAL measurement pe-
riod are analyzed to characterize the temporal evolution of
the atmospheric state. These are meteorological parameters
from near-surface and radiosonde observations in Sect. 3.1
and 3.2, respectively. Time series of weather classifications
based on reanalysis data follow in Sect. 3.3. A more detailed
description of the day-to-day weather development as ob-
served by Polarstern is reported by Macke and Flores (2018).
3.1 Near-surface meteorological observations
Figure 2 shows time series of key meteorological parame-
ters from Ny-Ålesund and Polarstern during the ACLOUD
flight period and PASCAL ocean-cruising and ice-attached
periods, respectively. The permanent observations from AW-
IPEV and MET Norway weather stations allow a compari-
son of the ACLOUD/PASCAL period to the observed long-
term average (1993–2016). To illustrate the synoptic situ-
ation, weather charts are provided for key days in Fig. 3,
showing maps of surface pressure and 500 hPa geopotential
height.
As observed in Ny-Ålesund, the ACLOUD flight period
started in a cold and dry period during northerly winds
(Fig. 2). This situation was caused by low pressure systems
east and north of Svalbard and a high pressure system over
Greenland on 26 May (Fig. 3a). In this region, such pressure
patterns are typical when marine cold air outbreaks (MCAOs;
Kolstad, 2017) are forming with strong off-ice flow over the
Fram Strait, which is indicated by the isobars oriented paral-
lel to the west coast of Svalbard.
After about 3 days, this pressure pattern started to change,
which finally led to the onset of melting (explained below).
The first indication of this change was a pressure increase
in Ny-Ålesund and more variable wind direction (Fig. 2a).
This variability was caused by the changing position of the
above-mentioned low pressure system northeast of Svalbard
(Fig. 3a), first moving toward the northwestern edge of the
archipelago (not shown) and then southward along its west-
ern coast on 27 May (Fig. 3b). In Ny-Ålesund, the cyclonic
rotation of this low pressure system gave westerly winds and
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Figure 2. (a) Near-surface pressure (graphs) and 850 hPa horizontal wind (bars for speed, vectors for direction), (b) near-surface air temper-
ature (graphs) and snowmelt season (solid vertical lines), and (c) vertically integrated water vapor (graphs) and precipitation (bars) measured
at Ny-Ålesund (NYA; blue and black) and Polarstern (PS; red) over the ACLOUD/PASCAL measurement period (23 May–26 June 2017).
Dots and intervals indicate daily average and standard deviation, respectively, over the Ny-Ålesund long-term period (1993–2016). Dashed
vertical lines distinguish the Polarstern ocean-crossing periods from the ice-attached period (6–16 June).
an advection of humid air (Fig. 2a and c). This development
caused the highest precipitation during ACLOUD/PASCAL,
with 2 mm liquid equivalent of snowfall on 27 May (Fig. 2c).
The following days saw IWV and temperature substan-
tially increase in Ny-Ålesund, from 6 kg m−2 on 28 May to
14 kg m−2 on 30 May (Fig. 2c) and from −10 ◦C on 29 May
to+7 ◦C on 31 May (Fig. 2b), respectively. The former in-
crease was related to a narrow band of high IWV and intense
integrated water vapor transport (IVT), identified as an atmo-
spheric river, which reached Svalbard from western Siberia
on 30 May (Fig. A1a). In this period, precipitation occurred
in the ACLOUD/PASCAL region but was confined to a small
area. After this event, the wind direction turned northerly
again due to a strong low that formed southeast of Svalbard
(not shown), advecting more cold air from the ice-covered
areas.
Then, 3 days later, a strong southwesterly flow devel-
oped due to a high pressure system over the Greenland Sea
(Fig. 3c), advecting warm air from lower latitudes. This trig-
gered the melt onset over the northern Fram Strait. This
development explains the increasing surface pressure up to
1029 hPa observed in Ny-Ålesund on 2 June (Fig. 2a). Co-
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Figure 3. Sea level pressure (in hPa; white contours) and 500 hPa geopotential height (in meters; shading) for 12:00 UTC on (a) 26 May,
(b) 27 May, (c) 2 June, and (d) 6 June 2017, from ECMWF.
incidentally, a low pressure system developed over northern
Greenland. These two pressure systems north and south of
Svalbard led to strong southwesterly air advection across the
northern Fram Strait. On the northerly cruising Polarstern in
the waters west of Spitsbergen (Fig. 1c), temperatures rose
from −2 ◦C on 29 May to +7 ◦C on 31 May (Fig. 2b). This
short period was the only time that the temperature records
of Ny-Ålesund and Polarstern perfectly matched. With Po-
larstern being south (north) of Ny-Ålesund until 30 May
(from 31 May), the meridional temperature gradient caused
significant differences between the two time series. Simi-
larly, the rapid cooling observed on Polarstern from +7 to
−6 ◦C over 31 May coincided with its entrance into the sea
ice northwest of Spitsbergen (Fig. 1c).
The 17 ◦C warming within only 2 days in Ny-Ålesund,
which marked the beginning of the snowmelt season on
29 May (Fig. 2b), was also imprinted in the time series
of snow albedo obtained by the surface radiation measure-
ments. From this date, the surface albedo temporarily de-
creased from 0.9 to lower values, before it rapidly dropped
to below 0.1 by 14 June, when the snow had completely dis-
appeared. This development agrees with the climatology of
Ny-Ålesund, which reports the first snow-free day between
30 May and 5 July since the beginning of the BSRN mea-
surements in late 1992.
The period of warm temperatures at the beginning of June
represent the highest positive temperature anomaly recorded
during ACLOUD/PASCAL. In Ny-Ålesund, 7 and 8 ◦C were
observed on 31 May and 6 June, respectively (Fig. 2b), both
being indications of warm air advection (WAA; Tjernström
et al., 2015). The latter event was accompanied by an in-
crease of IWV to 15 kg m−2 (Fig. 2c), which was linked
to another atmospheric river episode reaching Ny-Ålesund
from the east (Fig. A1b).
6 June was also the date when the observations from the
ice-attached Polarstern started. Over its first days in the ice,
the sea ice camp observed an increase in near-surface pres-
sure due to a high pressure ridge east of Svalbard (Fig. 3d),
reaching a maximum of 1029 hPa on 8 June. IWV rose from
6 to 17 kg m−2 on 9 June (Fig. 2c) and near-surface air tem-
perature from −8 to +2 ◦C on 10 June (Fig. 2b). In other
words, the above-freezing temperature on Polarstern while
surrounded by sea ice (1–17 June) occurred 4 days after that
in Ny-Ålesund, which is later than that arising from the pure
air mass transport. This delay can be explained by the more
northerly location of Polarstern within the compact sea ice,
where surface cooling fosters a stable inversion layer close to
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the ground, while warm air advection occurs in the free tro-
posphere above. As long as the inversion is not destroyed, it
remains cold at the lowest levels. Anomalously warm and
moist air was also observed in Ny-Ålesund on these days
but with less intense changes due to the already warm and
moist air starting on 6 June. Thus, while the synoptic condi-
tions were similar for Ny-Ålesund and Polarstern during 6–
8 June (Fig. 2), local factors (e.g., sea ice distribution) prob-
ably played an important role for the difference between the
two stations at about 335 km apart.
Both Ny-Ålesund and Polarstern experienced distinct
drops in near-surface pressure associated with increases
of near-surface air temperature and IWV around 13 June
(Fig. 2a to c). The air mass reaching the ACLOUD/PASCAL
region on this day had a European origin but circled once
around Svalbard before arriving Ny-Ålesund from the north
(shown later in Fig. 7c). The peaks in the IWV observed in
Ny-Ålesund on 9 and 13 June can be explained by air masses
with high IWV but no intense IVT on those days (Fig. A1c
and d). For the remainder of the measurement period, surface
pressure, near-surface air temperature, and IWV observed in
Ny-Ålesund were close to the long-term average, as well as
close to Polarstern values until the icebreaker left the ice
(18 June).
With the exceptions described above, Ny-Ålesund and Po-
larstern observations presented in Fig. 2 are comparable.
This indicates that both locations mostly were influenced
by the same synoptic systems. The same conclusion was
obtained for observations of the N-ICE2015 experiments,
when measurements from Ny-Ålesund and a research ves-
sel north of Svalbard were compared (Kayser et al., 2017).
It is, therefore, appropriate to set the observations of the
ACLOUD/PASCAL measurement period into context with
the long-term observational record from Ny-Ålesund.
In contrast to the N-ICE2015 expedition (Cohen et al.,
2017), no prominent cyclones were observed during the
ACLOUD/PASCAL campaign. Only on 28 June (indicated
by the negative tendency in surface pressure in Ny-Ålesund
on 27 June in Fig. 2a), a cyclone passed the region and pre-
vented any flight activities. Hence, analysis of synoptic-scale
dynamics related to cyclones similar to, for example, Knud-
sen et al. (2015), Akperov et al. (2018), or Zahn et al. (2018),
is not needed in this paper.
3.2 Radiosonde observations
To investigate the coupling of the surface, the boundary layer,
and the free troposphere, time series of temperature and spe-
cific humidity profiles from Ny-Ålesund and Polarstern are
shown in Figs. 4 and 5 for the ACLOUD/PASCAL measure-
ment period. Specific humidity in Figs. 4b, d, and 5b was
calculated using the vapor pressure formulations by Hyland
and Wexler (1983). ABL heights in Figs. 4 and 5 are iden-
tified using the surface-based bulk Richardson number ap-
proach assuming a critical value Ri of 0.25, as suggested by
Hanna (1969), Zhang et al. (2014), and Kayser et al. (2017).
For readability, time series of wind profiles are included in
Fig. 4c and d from Polarstern only. However, the time series
of 850 hPa wind from Ny-Ålesund is shown in Fig. 2a.
The daily long-term radiosonde records, following Ma-
turilli and Kayser (2017), demonstrate the increase in air
temperature and specific humidity from 23 May to 26 June
(Fig. 4a and b). By the beginning of June, near-surface
air temperature (specific humidity) usually exceeds 0 ◦C
(3 g kg−1).
As indicated by the near-surface air temperature obser-
vations in Ny-Ålesund (Fig. 2b), the anomalously cold first
week with subfreezing temperatures was followed by two ex-
ceptionally warm weeks partially above 5 ◦C (Fig. 4a and
c). This rapid change around 30 May obviously occurred
throughout the entire tropospheric column.
The WAA starting around 29 May over Ny-Ålesund only
shortly enhanced tropospheric humidity levels (Fig. 4b).
Over Polarstern, no significant changes in specific humidity
were associated with this event and the following period be-
tween 31 May and 5 June. Slightly raised values with around
3 g kg−1 were observed only in the lowest 100 hPa (Fig. 4d).
This situation changed during a second WAA and first sus-
taining moist air intrusion on 6 June, when the temperature
and humidity in the lowest 300 hPa over Ny-Ålesund (Po-
larstern) significantly increased and reached values up to
+8 ◦C (+4 ◦C) and 5 g kg−1 (4 g kg−1), respectively, for a
period of about a week. During this period, the temperature
and humidity exceeded the long-term averages with the high-
est anomaly observed around 8–12 June.
The wind vectors in Fig. 4c and d indicate that the high-
est temperatures and humidities occurred in association with
a shift to generally easterly winds below 700 hPa (southerly
below 850 hPa during 7–9 June). Air from the east (south)
warmed and moistened over the open ocean west and south-
west of Franz Josef Land (Spitsbergen). Above 700 hPa, a
northerly wind component dominated.
However, the prevailing winds changed during 11 and
12 June, when northerly winds started to dominate the lower
troposphere, indicating the end of the moist air intrusion.
Until the end of the measurement period, the temperature
and specific humidity over Ny-Ålesund remained close to the
long-term averages.
The radiosondes, given their high vertical resolution, fur-
ther allow the investigation of temperature and humidity in-
version variabilities during the ACLOUD/PASCAL period.
Inversions are a dominant feature of the Arctic wintertime
boundary layer. In spring, the frequency of inversions de-
creases but still significantly impacts the atmospheric tem-
perature, moisture, and energy exchange. Temperature inver-
sions have significant impacts on the atmospheric stratifica-
tion (Lesins et al., 2010) and manipulate the vertical distribu-
tion of longwave radiation (Bintanja et al., 2011). In particu-
lar, specific humidity inversions are known to be a source of
longwave radiative heating of the surface during cloud-free
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Figure 4. Vertical profiles of (a, c) temperature and (b, d) specific humidity measured at (a, b) Ny-Ålesund and (c, d) Polarstern over the
ACLOUD/PASCAL measurement period (23 May–26 June 2017). Blue circles indicate the height of the atmospheric boundary layer (ABL).
Black contour lines in (a, b) represent the respective 1993–2016 average, while black arrows in (c, d) represent 2017 values of wind speed
and direction. Dashed vertical lines in (c, d) distinguish the Polarstern ocean-crossing periods from the ice-attached period (6–16 June).
conditions (Devasthale et al., 2011) and are relevant for cloud
physics (Sedlar et al., 2012; Solomon et al., 2011). For these
reasons, Fig. 5 provides a more detailed picture of the bound-
ary layer processes during ACLOUD/PASCAL, showing the
retrieved altitudes of surface-based and lifted inversions ob-
served in the radio soundings over Polarstern. The inversions
were identified following the methods described in Andreas
et al. (2000), Kahl (1990), and Kayser et al. (2017).
During the ACLOUD/PASCAL measurement period, in-
versions were found in most soundings for both temperature
and specific humidity, particularly throughout June when Po-
larstern was located in areas covered by sea ice. During the
period of the ice floe camp (6–16 June), an enhanced oc-
currence of surface-based inversions was found. This was
caused by temperature and humidity advection above the
boundary layer, while the ice surface remained at a tempera-
ture of 0 ◦C, stabilized by the snowmelt. In general, a lifted
temperature inversion was present when the ABL was rela-
tively high (up to 700 m), while a surface-based temperature
inversion was observed when the ABL was shallow (about
200 m).
3.3 Weather classification
As shown by the observed time series, the weather during
ACLOUD/PASCAL was influenced by different synoptic at-
mospheric patterns. A way to quantify the dominant synop-
tic pattern is to analyze the occurrences of MCAOs. Follow-
ing Papritz et al. (2015) and Kolstad (2017), the MCAO in-
dex is defined as the difference between surface and 850 hPa
potential temperature of each grid point, area averaged over
the eastern Greenland Sea (here defined as 75.00–80.25◦ N,
4.50–10.50◦ E). Land grid cells and cells for which the sur-
face temperature is lower than 271.5 K are excluded from the
area averaging.
Time series of the 6-hourly MCAO index are calculated for
the ACLOUD/PASCAL period and used to identify events
of cold air outbreaks. A new event begins when the index is
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Figure 5. Vertical profiles of (a) temperature and (b) specific humidity measured at Polarstern over the PASCAL measurement period
(28 May–18 June 2017). Pink and brown vertical lines indicate the vertical extent of the lowermost surface-based (SB) and lifted (L)
inversions, respectively, while black contour lines indicate the atmospheric boundary layer (ABL) height corresponding to the blue circles in
Fig. 4. Dashed vertical lines distinguish the Polarstern ocean-crossing periods from the ice-attached period (6–16 June).
greater than 0 K and ends if the index falls below 0 K. Then,
the last time for which the MCAO index is > 0 K is set as
the final time step of the event. Events are recorded only if
an index value of at least 2 K is reached and the duration is
at least 48 h. The maximum MCAO index of each event is
required to occur within the ACLOUD/PASCAL measure-
ment period, but the events are allowed to start any time in
May or by the end of June. The threshold of 2 K is lower than
that in studies focusing on the cold season (e.g., 3 K in Kol-
stad, 2017). The lowered threshold accounts for the fact that
MCAOs are considerably less frequent and are considerably
less severe in early summer than in winter (Fletcher et al.,
2016).
The MCAO index time series also indicate the occurrence
of WAA. While MCAOs are characterized by a change of
atmospheric stratification toward stable conditions, i.e., pos-
itive values of the MCAO index, WAA is identified by a
strongly negative deviation of the MCAO index relative to
the climatology. For the identification of a WAA event, here
we used a threshold of −10 K in the difference between the
actual MCAO index and the average over 1979–2016, before
the procedure follows that for the MCAO events.
As shown in Fig. 6, the MCAO index varied consider-
ably over the first 3 weeks of ACLOUD/PASCAL. During
the first 8 days (23–30 May), values were above the median
of the climatology and mostly exceeded the 95th percentile
until 28 May. Corresponding to the anomalously cold and
dry air observed in Figs. 2 and 4, we identify a MCAO event
during the first week of the measurement period (maximum
23 May in Fig. 6). The MCAO index then dropped signifi-
cantly from+2 K on 28 May to−11 K on 31 May, remaining
below the median until 15 June. During these 2 weeks, val-
ues remained below −12 K (i.e., below the 25th percentile)
except for 7 June. In combination with the temperature and
humidity time series (Figs. 2 and 4), we identify two WAA
events during the second and third weeks of the measurement
period (minima on 5 and 10 June in Fig. 6). After 14 June,
the MCAO index increased again and leveled around the
long-term median between −5 and −7 K, indicating normal
weakly unstable conditions in the lower troposphere (i.e.,
neither MCAO nor WAA conditions).
The MCAO index arguably offers a better understanding
of the local weather as compared to the large-scale Arctic os-
cillation and dipole indices. These are shown for comparison
in Fig. A2 in the Appendix and will be discussed more in a
climatological context in Sect. 5.1.
4 Key period characteristics
In this section, we highlight the characteristics of three key
periods, as defined based on the time series shown in Sect. 3.
These serve as the basis for the regional and local meteoro-
logical data shown for each of the key periods in Sect. 4.1,
4.2, 4.3, and 4.4.
Based on Figs. 2–6 (and discussions thereof in Sect. 3.1–
3.3), we define the following key periods during the
ACLOUD/PASCAL measurement period:
1. the cold period (CP) – 23–29 May 2017 (7 days),
2. the warm period (WP) – 30 May–12 June 2017
(14 days), and
3. the normal period (NP) – 13–26 June 2017 (14 days).
The three key periods represent three different synop-
tic tendencies and not states. For example, CP ends as the
near-surface air temperature in Ny-Ålesund starts rising (on
29 May) and not when it exceeds 1 standard deviation (on
31 May) (Figs. 2b and 4a).
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Figure 6. Marine cold air outbreak (MCAO) index for the eastern Greenland Sea (75.00–80.25◦ N, 4.50–10.50◦ E) over the
ACLOUD/PASCAL measurement period (23 May–26 June 2017), based on ERA-I data. The gray median line and percentile shading
refer to the climatology over 1979–2016, while the black vertical lines separate the three key periods (CP, WP, and NP) in 2017 defined in
Sect. 4.
4.1 Air mass distribution
To assess differences in the air mass histories of the three
key periods defined above, we compare their mean trajecto-
ries. This analysis was performed using FLEXPART in back-
ward mode, with input data from ECMWF operational anal-
ysis (see Sect. 2.4). In addition to the temporal means of PES
over each key period, Fig. 7 also shows the daily center of
mass trajectories of the respective key period.
During CP, most air masses reaching Ny-Ålesund origi-
nated from within 70◦ N without significant midlatitude in-
fluence (Fig. 7a). Their origin was mostly the central and
eastern parts of the Arctic Ocean, with smaller contributions
from the Siberian coast, the Canadian Arctic, and Greenland.
This Arctic air was cold and dry, as indicated in Figs. 2b, c,
and 4a, b.
In the twice-as-long WP, the trajectories spanned a larger
area, originating as far south as 50◦ N (Fig. 7b). Three ma-
jor areas then influenced the air mass characteristics reaching
Ny-Ålesund: northern Europe, Siberia, and the Arctic North
Pacific sector. There was only a weak influence from the
North American archipelago and the central Arctic Ocean.
During the first WP week, the air parcels entered the
Nordic Seas from the eastern Arctic Ocean, either crossing
over Svalbard from the east or going around the archipelago
to arrive in Ny-Ålesund from the southwest. These two path-
ways are expected to warm the air masses adiabatically
across Spitsbergen or thermodynamically over the ocean, re-
spectively (cf. discussion in Sect. 3.1). These two patterns are
imprinted in the temperature and humidity time series shown
in Fig. 4a and b, where the latter pattern is also characterized
by higher humidity from the ocean. While originating in the
Nordic Seas or over northwestern Eurasia, air masses during
the second WP week also crossed open water before reaching
Ny-Ålesund from the south, thus being similar to the latter of
the two described patterns.
The PES distribution of the last key period – NP – was
a mixture of the two former key periods. Most of the Arc-
tic Ocean and the Nordic Seas were then sources of air mass
origin, but the highest density was found in air arriving Ny-
Ålesund from the west (Fig. 7c). The relatively average tem-
perate and humid air observed here (Figs. 2b, c, and 4a, b)
can potentially result from the air masses passing over the
sea ice north of Greenland, the open ocean south of Sval-
bard, or the Greenland ice sheet. These air masses could be
heated either by adiabatic motions or through sensible or la-
tent heat fluxes from the ocean into the atmosphere during
their transport from the sea ice/open ocean transition zone in
the Fram Strait to Ny-Ålesund.
Figure 8 shows the varying profiles of temperature and
specific humidity as observed over Ny-Ålesund and Po-
larstern during the three key periods. Only Ny-Ålesund data
are included in Fig. 8a and b due to the southerly location
of Polarstern during the first campaign week, unrepresen-
tative of the Arctic. In Fig. 8c–f, Polarstern data are split
into two profiles to differentiate its ice-attached and ocean-
cruising locations (see Fig. 1c).
The first key period (CP) was characterized by relatively
cold and dry air above Ny-Ålesund, with temperatures con-
tinuously below 0 ◦C and humidity mostly below 2 g kg−1
(Fig. 8a and b). The nearly isothermal average profile be-
tween 900 and 800 hPa is consistent with the top of the fre-
quent low-level clouds observed during this period (shown
later in Fig. 11b). No inversions prevail in the average tem-
perature and humidity profiles, although some individual
soundings show humidity inversions around 820 hPa, where
the radiosondes escape the mountain ridges and enter the
synoptic flow.
During the second key period (WP), two features were
noteworthy. Firstly, above Ny-Ålesund, a rather weak tem-
perature inversion (< 1 ◦C) was detected in the average pro-
file at 910 hPa, while the lower troposphere had warmed
(+10 ◦C) and moistened (+5 g kg−1) substantially with re-
spect to CP (Fig. 8c and d compared to Fig. 8a and b). Sec-
ondly, during WP above Polarstern, a marked temperature
inversion of about 5 ◦C prevailed in the lowest 100 hPa for
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Figure 7. Ranges of continuous daily potential emission sensitivities (shading) and daily center of mass backward trajectories to Ny-Ålesund,
with later masses in brighter colors (trajectories) for each ACLOUD/PASCAL key period from FLEXPART. The key periods are defined as
(a) the cold period (CP), (b) the warm period (WP), and (c) the normal period (NP).
both ice-attached and ocean-cruising periods. Moreover, ele-
vated humidity inversions of 1.0–1.5 g kg−1 were detected in
individual soundings.
During the third key period (NP), the averaged tempera-
ture profile above Ny-Ålesund formed a similar shape to that
during CP, revealing no inversions but a warming of about
10 ◦C (Fig. 8e) and a moistening of about 2 g kg−1 (Fig. 8f).
Above Polarstern, weak temperature inversions were present
in the average profiles. Individual soundings with an ele-
vated humidity inversion appeared at 900 hPa above both Ny-
Ålesund and the ice-attached Polarstern. This feature was not
seen above the ocean-cruising Polarstern, possibly due to the
few soundings in this profile (2 days only).
4.2 Atmospheric circulation and thermodynamics
Figure 9 complements Figs. 7 and 8 by picturing the con-
trasting atmospheric circulation, temperature, and humidity
of the three key periods based on ERA-I data. Here, Fig. 9a,
c, and e illustrate the 700 hPa geopotential height and hori-
zontal wind of CP, WP, and NP, respectively, while the rela-
tive temperature and humidity of these periods are depicted
in Fig. 9b, d, and f. In addition to their climatology, each
panel depicts the anomalous conditions of the three key pe-
riods compared to their respective climatology. A more de-
tailed evolution of the atmospheric circulation and thermody-
namics observed during ACLOUD/PASCAL is presented by
daily fields of these measures in Videos S1 and S2 in the Sup-
plement. The 700 hPa level represents the main flight level
during ACLOUD (Wendisch et al., 2018).
Figure 9a and b confirm the synoptic pattern identified for
the first campaign week (CP) in Figs. 2, 4, and 7. A northerly
airflow west and north of Spitsbergen at 700 hPa follows
from the anomalous low geopotential height centered over
the Pechora Sea in the southeastern Barents Sea (Fig. 9a).
The dry and cold Arctic air decreased the virtual potential
temperatures down to −9 ◦C, which is lower than the cli-
matology in the Barents Sea (Fig. 9b). Similarly, tempera-
tures were 4–8 ◦C below the climatology of 13–17 ◦C in the
ACLOUD/PASCAL region.
There was a prominent change in atmospheric circula-
tion during the next 2 weeks of ACLOUD/PASCAL (WP;
Fig. 9c compared to Fig. 9a). While the climatology did
not change much, the anomalous high 700 hPa geopoten-
tial height centered over the Fram Strait, Svalbard, and
north of the archipelago caused an anticyclonic wind pat-
tern in the region (Fig. 9c). Moist and warm maritime air
was advected from the Norwegian and Greenland seas into
the region, with virtual potential temperature values reach-
ing 8 ◦C above the climatology at the ice edge northwest
of Spitsbergen (Fig. 9d). Relative to the Cap of the North,
which then was in a northeasterly wind regime (Fig. 9c),
the ACLOUD/PASCAL region was about 5 ◦C warmer and
moister (Fig. 9d).
During the final 2 weeks of ACLOUD/PASCAL (NP),
700 hPa atmospheric circulation resembled that of the first
week but without distinct minimum in geopotential height
anomalies (Fig. 9e compared to a and c). Instead, the low-
est values were generally found from Novaya Zemlya to
Franz Josef Land. This meridional anomaly contrasted the
climatological trough over the Greenland Sea and caused a
northwesterly airflow around Svalbard (Fig. 9e). As a result,
700 hPa virtual potential temperature values were close to the
climatology, generally in the range 0–2 ◦C west of 15◦ E (in-
cluding the ACLOUD/PASCAL region) and−2–0 ◦C east of
this meridian (Fig. 9f). While the air came from the Arctic,
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Figure 8. Average (graphs) and minimum-to-maximum range (shading) vertical profiles of (a, c, e) temperature and (b, d, f) specific humidity
for each ACLOUD/PASCAL key period from Ny-Ålesund (blue) and Polarstern (red for ice-attached dates, gray for cruising dates). Key
periods are defined as (a, b) the cold period (CP), (c, d) the warm period (WP), and (e, f) the normal period (NP).
its northwesterly origin in NP compared to northeasterly in
CP allowed adiabatic heating over the Greenland ice sheet
(cf. discussion in Sect. 4.1). Furthermore, during NP, the sea
ice melted substantially northeast of Greenland (shown later
in Fig. 10c). Hence, the relative warm and moist water un-
derneath likely altered the Arctic air above.
4.3 Sea ice dynamics
To answer the question of whether the characteristic key pe-
riods also were detectable in sea ice dynamics, the sea ice
concentration, edge, and drift are investigated in Fig. 10.
Common for all three periods, the position of the sea ice
edge did not change much in the Fram Strait. Sea ice con-
centration was anomalously high in the MIZ west (typically
20 %–30 %), north (typically 40 %–50 %), and east (typically
30 %–40 %), respectively, while anomalously low south (typ-
ically 30 %–40 %) of Svalbard (cf. discussion in Sect. 2.1).
Even so, there were marked changes in sea ice dynamics
throughout ACLOUD/PASCAL.
During CP, the northerly wind (Fig. 9a) caused a strong
southerly to southwesterly sea ice drift of about 10 km day−1
and a positive concentration anomaly in the Fram Strait
(Fig. 10a). This was particularly pronounced north of Sval-
bard, with sea ice concentrations up to 50 % above climatol-
ogy.
The southerly wind during WP (Fig. 9c) reduced the drift
of sea ice out of the Fram Strait (Fig. 10b). Instead, the sea ice
compacted, resulting in the narrower band of anomalous high
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Figure 9. Climatologies (1979–2016; contours) and anomalies relative to climatologies (2017 minus 1979–2016; shading) of 700 hPa
(a, c, e) geopotential height with key period median horizontal wind (vectors) and (b, d, f) virtual potential temperature for each
ACLOUD/PASCAL key period based on ERA-I data. Key periods are defined as (a, b) the cold period (CP), (c, d) the warm period (WP),
and (e, f) the normal period (NP).
sea ice concentration (5 %–30 % above climatology) near the
ice edge north and west of Svalbard.
The band of anomalous high sea ice concentration did not
significantly change during NP (Fig. 10c). Then, the north-
westerly wind (Fig. 9e) enhanced the ice export into the Bar-
ents Sea and contributed to the formation of the Northeast
Water Polynya (Fig. 10c). The polynya, described by Ped-
ersen et al. (1993; as cited in Schneider and Budéus, 1997),
is a common phenomenon, but in 2017 opened faster and ex-
tended further north than usual, as indicated by down to 30 %
lower sea ice concentration compared to the climatology off
the Greenlandic Crown Prince Christian Land peninsula.
4.4 Cloud distribution
With ACLOUD/PASCAL aiming at investigating the role of
clouds in the Arctic climate system, the question of whether
clouds also show a characteristic behavior in the three key
periods becomes essential. To answer this question, we com-
pare the average cloud cover fraction over the Nordic Seas
and the central ACLOUD/PASCAL region for each key pe-
riod in Fig. 11a, c, and e. This cloud distribution investigation
is extended with an analysis of cloud-top pressure in the two
regions for each key period in Fig. 11b, d, and f. Additionally,
Fig. A3 in the Appendix shows time series of the daily cloud
cover fraction and top pressure over the ACLOUD/PASCAL
measurement period.
The cloud-top pressure provides information about the
vertical location of clouds. It is important to note that the
passive sensors used to derive this product (see Sect. 2.3)
can only provide information from the uppermost opaque
cloud level, meaning that high-level clouds can mask low-
level clouds when both layers are present. High cloud-top
pressure values indicate lower-level clouds, while low values
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Figure 10. Anomalous sea ice concentration relative to climatologies (2017 minus 1979–2016; shading) and average sea ice drift (2017;
vectors) for each ACLOUD/PASCAL key period from UB, NSIDC, and OSI SAF. The key periods are defined as (a) the cold period (CP),
(b) the warm period (WP), and (c) the normal period (NP). White shading south of the 2017 sea ice edge (line) indicates open water.
are related to either upper-level clouds or clouds of larger
vertical extent, which in the Arctic often are associated with
synoptic systems.
Of the three key periods, the highest cloud cover fraction
is observed during CP, with an average of about 85 % in
the central ACLOUD/PASCAL region (Fig. 11a). In general,
the highest cloud cover is observed over the open ocean (cf.
Fig. 10a). This is in agreement with the results by Chan and
Comiso (2013), who found a cloud cover fraction of about
88 % over open water across the whole Arctic and all sea-
sons.
The high cloud cover during CP (Fig. 11a) was dominated
by low-level clouds in the ACLOUD/PASCAL region with a
median of the cloud-top pressure around 770 hPa (Fig. 11b).
However, this median would have risen to 790 hPa (corre-
sponding to an altitude of about 2 km) by the exclusion of
the last CP day (29 May; not shown), typical for the MCAO
discussed in Sect. 3.1–3.3. This cloud regime is also well
in alignment with the reduced 700 hPa geopotential height
and virtual potential temperature in Fig. 9a and b, indicat-
ing that the region was dominated by a northerly flow (cf.
Fig. 7a). Subsequently, low-level clouds developed over the
open ocean and the cloud-top longwave cooling led to a tem-
perature inversion above the cloud (cf. Fig. 8a).
According to the time series of daily cloud cover frac-
tion and top pressure (Fig. A3), the first 6 days of CP can
clearly be classified as a stratus regime, which Eastman and
Warren (2010) found to account for the majority of Arctic
clouds in the May and June climatology. On the seventh and
last day of CP (29 May), the change into another circulation
regime is seen as the occurrence of high-level clouds (up to
350 hPa) increases in the central ACLOUD/PASCAL region
due to their influence in its northern parts. Hence, no signifi-
cant changes are observed near the surface (cf. Fig. 2b).
During WP, the lowest cloud cover fraction during
ACLOUD/PASCAL was observed, with an average of about
65 % and a high spread between the 5th and 95th percentiles
(Fig. 11c). Also, the individual days were characterized by
a high spread in cloud cover fraction (Fig. A3a). While CP
shows a meridional band with high values of cloud cover
fraction associated with the location of open ocean, the
spatial distribution changed strongly in WP, with the low-
est cloud cover extending from the Fram Strait northward
(Fig. 11c).
The lower cloud cover fraction during WP is associated
with a change in cloud type, as cloud-top pressure values
were more than 100 hPa lower than in CP (Fig. 11d compared
to Fig. 11b), highlighting the highest clouds observed during
ACLOUD/PASCAL. A value of 650 hPa is typical for mid-
level clouds but can also result from a mixture of high- and
low-level clouds. Average cloud-top pressure values were
also more homogeneous over the Nordic Seas in WP com-
pared to CP. Clouds were then likely associated with synop-
tic disturbances, which brought moister air masses from both
westerly and easterly directions (cf. Fig. 7b).
The cloud cover fraction and cloud-top pressure in NP
were in between those of CP and WP, with averages of about
80 % (Fig. 11e) and 700 hPa (Fig. 11f), respectively, but with
larger spread in cloud-top pressure. The strong variability
was also observed on a day-to-day basis (Fig. A3), which
was caused by a mix of low-, mid-, and high-level clouds.
During this period, the airflow was dominantly northwest-
erly, and the proportion of low-level clouds increased with
respect to WP.
Overall, the observed cloud cover fraction between 70 %
and 80 % during ACLOUD/PASCAL is in agreement with
previous studies in the Arctic (Eastman and Warren, 2010;
Chan and Comiso, 2013). Specifically for the Svalbard re-
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Figure 11. Average (a, c, e) cloud cover fractions and (b, d, f) cloud-top pressures for each ACLOUD/PASCAL key period from IASI. Box
plots represent averages over the central ACLOUD/PASCAL region (76–82◦ N, 0–20◦ E; black boxes in map panels), with ticks indicating
the 5th and 95th percentiles. The key periods are defined as (a, b) the cold period (CP), (c, d) the warm period (WP), and (e, f) the normal
period (NP).
gion, Mioche et al. (2015) found an average cloudiness of
about 80 % for May and June using the most accurate vertical
profiling satellite instruments. However, the analysis of the
ACLOUD/PASCAL measurement period revealed that cloud
characteristics show strong variability in space and time dif-
fering from the climatological distribution, with enhanced
cloudiness over the open ocean southwest of Svalbard, while
cloud cover fraction over ice-covered areas was found to be
lower for most of the time. The highest contrast of cloudiness
over these different surfaces is observed during CP, when the
MCAO continuously triggered the formation of clouds over
the warm open water. Mioche et al. (2015) identified these
clouds predominantly as mixed-phase clouds (up to 60 % of
all clouds). As passive satellite sensors have difficulties iden-
tifying cloud phase and multi-layer clouds, this will be inves-
tigated in more detail using other ACLOUD/PASCAL obser-
vations.
Similarly, a more complete picture of fog conditions
will be made possible from the analysis of the wealth of
ground and airborne remote sensing observations during
ACLOUD/PASCAL. It is not possible to infer fog conditions
from the satellite observations, as a high cloud-top pressure
could either be related to low stratus or high fog conditions.
Furthermore, due to the strong topographical influence on
their location, observations from Ny-Ålesund are not repre-
sentative of the ACLOUD/PASCAL region. The ice-attached
Polarstern had a more representative location, from which
visual observations are available. Here, fog was observed
into the days of 6 and 8 June, as well as on 12 June. However,
the visibility was mostly around 5 km and never fell below
500 m, indicating that low-hanging stratus clouds rather than
fog were present most of the time.
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5 Climatological context
In this section, we present the ACLOUD/PASCAL synoptic
data in regional and climatological contexts in Sect. 5.1, 5.2,
and 5.3. Additionally, the data are compared to other relevant
Arctic field campaigns in Sect. 5.4.
5.1 Large-scale circulation indices
Two of the large-scale atmospheric indices, Arctic oscillation
(AO; Thompson and Wallace, 1998) and Arctic dipole (AD;
Wu et al., 2006; Wang et al., 2009), represent the first and
second leading empirical orthogonal function (EOF) modes
of the daily 1000 hPa geopotential height anomalies pole-
ward of 20 and 70◦ N, respectively, normalized by the stan-
dard deviation of the monthly index. Another important cir-
culation pattern in the Northern Hemisphere is the North At-
lantic Oscillation (NAO), which is characterized by a pro-
nounced north–south dipole in sea level pressure across the
North Atlantic. The NAO is in this respect very similar to
the AO but without the centers of action – the Aleutian Low
and the Pacific High – over the Pacific Ocean. Accordingly,
AO and NAO are closely related, with NAO actually being
considered the regional occurrence of the hemisphere-wide
pattern of AO (Thompson and Wallace, 1998). The analysis
therefore focused on AO to provide broader information on
the large-scale dynamics.
AO and AD are measures of the zonal and meridional
wind patterns. AO describes the variability in the strength
of the polar vortex. A positive AO index is associated with
a lower-than-average pressure over the Arctic, a strong po-
lar vortex, and a mainly zonal jet structure. A cold polar air
mass is therefore more confined and located further pole-
ward. In contrast, a negative AO index is linked to higher-
than-average pressure over the Arctic, a weaker vortex, and
a stronger meridional component of the jet stream. As a re-
sult, positive AO indices correlate with more numerous and
deeper cyclones in the Arctic region, with storm tracks be-
ing shifted to the north (Simmonds et al., 2008). Conversely,
negative indices are associated with more frequent blocking
high events and persistent weather conditions, as well as with
more likely MCAO events mainly in winter and spring (Over-
land et al., 2015). Toward summer, the AO pattern is dis-
placed further northward and the meridional extent of its sig-
nal is considerably reduced (Ogi et al., 2004). A negative AO
circulation in summer is nevertheless still supposed to cause
substantial surface and tropospheric cooling and enhanced
precipitation in midlatitudes (e.g., Hu and Feng, 2010; Wu
et al., 2016).
A positive AD index is associated with a positive surface
pressure anomaly over the Beaufort Sea, the Canadian Arc-
tic archipelago, and Greenland, as well as a negative surface
pressure anomaly over the Kara and Laptev seas. It is related
to enhanced geostrophic wind flow from the Bering Strait to-
ward the North Pole and across the Fram Strait, causing sea
ice export out of the Arctic basin via the Fram Strait and
the northern Barents Sea. A negative AD index is related to
a lower-than-average surface pressure over the Beaufort Sea
and Greenland, a higher-than-average surface pressure over
northeast Eurasia, and enhanced poleward geostrophic wind
flow (Wang et al., 2009). Since the 2000s, AO is less corre-
lated with Arctic sea ice variability than AD. A positive AD
is considered the main driver of Arctic sea ice export, regard-
less of the sign of AO (Thompson and Wallace, 2001; Wang
et al., 2009; Overland et al., 2012; Smedsrud et al., 2017).
However, the connection between AD and Arctic sea ice
drift is not always straightforward since the pressure pattern
affecting AD may be orientated off the direction of the Trans-
polar Drift Stream, as pointed out by Overland and Wang
(2010). Furthermore, the AD index is sensitive to the time pe-
riod and geographical area considered in the calculation and
is also dependent on the reanalysis data used. Meridional cir-
culation indices based on the mean sea level pressure gradi-
ent across the Fram Strait or the Transpolar Drift Stream can
provide a better quantitative relationship between the atmo-
spheric forcing and sea ice drift speed throughout the year.
Nevertheless, in summer, when the axis of the AD pattern
is usually oriented along the Fram Strait, the AD index is
found to correlate well with the sea ice evolution in the Fram
Strait/Svalbard area (Vihma et al., 2012), which is the focus
of the following qualitative analysis.
The analysis focuses on the variability of the AO and
AD indices over the ACLOUD/PASCAL measurement
and key periods, as well as corresponding periods over
1998–2016. This is shown in Fig. 12, which brings the
ACLOUD/PASCAL measurements into a larger context.
While the base period used in the analysis extends back
to 1979, the AO and AD indices are presented for the last
20 years when the Arctic amplification became more promi-
nent (Serreze and Barry, 2011). This allows a more relevant
comparison to the 2017 ACLOUD/PASCAL campaign.
For the comparison period (1998–2017), the AO index var-
ied between−1.8 and+1.9, with a relatively regular year-to-
year alternation between positive and negative phases until
2006 (Fig. 12a). After 2006, the fraction of years with posi-
tive AO index for the periods 30 May–12 June (correspond-
ing to WP) and 13–26 June (corresponding to NP) decreased
from about a half to about a third (36 % and 27 %, respec-
tively). The fraction of positive AO index values in the period
23–29 May, corresponding to CP, remained stable at about
55 %. Nevertheless, negative values of the AO index domi-
nated from 2007, with minima down to−1.8 in the three con-
secutive years (2010 to 2012) and in 2016. This shift toward
a more dominant negative phase of the AO pattern has been
already reported in a range of recent studies and is supposed
to result from the Arctic amplification (Overland et al., 2015,
and references therein). During ACLOUD/PASCAL in 2017,
barely positive and moderate negative AO indices were found
during CP and WP, respectively, which can be interpreted as
an indication of enhanced meridional air mass transfer dur-
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Figure 12. Time series of (a) Arctic oscillation (AO) and (b) Arctic dipole (AD) indices for the Northern Hemisphere over the
ACLOUD/PASCAL comparison period (1998–2017) based on ERA-I data. Lines and bars indicate campaign and key period averages,
respectively. These are defined as 23 May–26 June (mean), 23–29 May (the cold period; CP), 30 May–12 June (the warm period; WP), and
13–26 June (the normal period; NP), respectively.
ing the MCAO and WAA (cf. Sect. 3.3). A strongly positive
value of +0.9 was observed for NP.
The AD index ranged between values of −2.2 and +2.3
in the analyzed period (1998–2017), with the largest posi-
tive values occurring in the corresponding NP of 2000 and
negative values in the corresponding CP of 2002 (Fig. 12b).
Since 2007, the AD index has mainly been positive, with
strongly positive values between +1 and +2 dominating all
corresponding key periods. The number of occurrence and
magnitude of positive AD indices have increased in these
years, especially in the corresponding WP by about 40 %.
Positive AD index values occurred only in the years 2007,
2010, and 2012. This matches the observation that there has
been an increase in sea ice export through the Fram Strait of
approximately 6 % per decade since 1979, with the highest
trend of 11 % in spring and summer (Smedsrud et al., 2017).
All years with strongly positive AD indices in Fig. 12b were
among the years with record low sea ice extent during the last
decade. Nonetheless, the number of strongly negative AD in-
dex values (below −0.8) has increased by more than 30 %
over the last 11 years. Since 2013, more negative AD indices
have returned. These results indicate a general enhancement
of poleward and equatorward airflow in early summer in re-
cent years. During ACLOUD/PASCAL in 2017, the AD in-
dex was positive in CP and strongly positive in NP with a
value of +1.3. A slightly negative index is found for WP.
This evolution of the large-scale circulation in 2017 explains
well the sea ice conditions in the Fram Strait observed during
ACLOUD/PASCAL, as described in Sect. 4.3.
5.2 Seasonal characteristics
The onset of snowmelt is a key parameter for Arctic ampli-
fication, as it determines the seasonal change of the surface
energy budget. Due to the melt of snow and later sea ice, ra-
diative and sensible heat is efficiently stored in form of latent
heat in the Arctic Ocean. The date of early snowmelt onset is
retrieved from passive microwave satellite observations over
sea ice (Markus et al., 2009). This date represents the first
day under melting conditions and is plotted jointly for both
the climatological period and the 2017 deviation from the
climatological period in Fig. 13.
Arctic-wide, the climatology for 1979–2016 shows a con-
tinuous increase in the date of melt onset with latitude from
around day of the year 100 (10 April) in the outer regions
to later than 160 (9 June) in the central Arctic Ocean (not
shown). In the Fram Strait, the climatological transition zone
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Figure 13. (a) Climatology (1979–2016) and (b) anomaly relative to the climatology (2017 minus 1979–2016) of snowmelt onset date based
on NASA GSFC data. In panel (b), white shading south of the 2017 sea ice edge (line) indicates open water.
from early to late onset of melt is much more spatially com-
pressed, starting around day of the year 140 (20 May), with
a narrower area of onset about 10 days later in the area of
the West Spitsbergen Current west of the Yermak Plateau
(around 82◦ N, 5◦ E; Aagaard et al., 1987; Fig. 13a).
In 2017, the snowmelt started 10–30 days earlier than nor-
mal in the eastern vicinity of the Northeast Water Polynya
(see discussion in Sect. 4.3; Fig. 13b). This early onset is
also found in other recent years (not shown). In contrast, the
snow on sea ice both west and east of this area started melting
10–30 days later in 2017 relative to climatology.
5.3 Anomalous events
Building on Fig. 6 (see discussion in Sect. 3.3), Fig. 14
shows the occurrences, duration, and intensity of MCAOs
and WAA over the ACLOUD/PASCAL comparison period
(23 May–26 June 1998–2017). As for the AO and AD indices
in Fig. 12, we present the most recent and relevant 20 years
in Fig. 14, even though calculations were made over the cli-
matological period (1979–2017).
We identified six MCAO events within the 20-year
ACLOUD/PASCAL comparison period (Fig. 14a). These
lasted from 2 to 8 days and had intensities of 2.5–5.6 K.
In 2017, one MCAO event was observed (cf. Fig. 6), which
was in the upper part of the climatological range, lasting 7
days with an intensity of 4.7 K. This event was remarkable
for this season, showing well-developed convective rolls and
cloud streets in satellite images, but still was weak compared
to cold season MCAOs, when indices reach more than 10 K
(Fletcher et al., 2016; Chechin and Lüpkes, 2017).
Warm air advection is more common in early summer,
with 21 events recognized over the ACLOUD/PASCAL com-
parison period (Fig. 14b). Duration and strengths of these
reached up to 12 days and 14 K, respectively, although the
majority lasted less than 8 days and were weaker than 9 K.
In 2017, two moderate WAA events took place (cf. Fig. 6).
These lasted 6 and 7 days and had intensities of 9.1 to 10.3 K,
respectively.
5.4 Other campaigns
The few observations in the ACLOUD/PASCAL region
partly explain the motivation for the field campaigns. Para-
doxically, this also makes it hard to compare the data shown
in this paper to other studies. Nevertheless, with differ-
ences in years, seasons, locations, and set-ups taken into
account, such a comparison is still relevant for understand-
ing the rapidly changing Arctic climate system. In this way,
ACLOUD/PASCAL provides an important addition to earlier
campaigns, as well as serving as a benchmark for upcom-
ing Arctic field campaigns (e.g., the Multidisciplinary drift-
ing Observatory for the Study of Arctic Climate; MOSAiC;
IASC, 2016).
SHEBA (see Fig. 1a) was the first field campaign to
include a full year of Arctic measurements (Uttal et al.,
2002). Taking place from October 1997 to October 1998,
its main objective was to advance the understanding of the
coupled ocean–ice–atmosphere processes in models. While
taking place in the ice pack of the Beaufort Sea on the
opposing side of the Arctic Ocean, some comparisons to
ACLOUD/PASCAL can still be made. During May and
June 1998, temperature inversion heights of about 200–
700 m and persistent cloudiness (80 %–100 %) characterized
the SHEBA ice camp (Uttal et al., 2002). Over the same
months in 2017, we observed inversion heights both shal-
lower (about 100 m) and deeper (about 1400 m) north of
Svalbard (Fig. 5a), along with cloudy conditions in the whole
region (Fig. 11). While there are considerable regional dif-
ferences between the Beaufort Sea and the Fram Strait, the
snowmelt season began 29 May and ended during the first
half of June both during SHEBA and ACLOUD/PASCAL
(Fig. 2b).
The drifting ice station Tara was in the central Arctic
Ocean during the International Polar Year from September
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Figure 14. (a) Marine cold air outbreak (MCAO) and (b) warm air advection (WAA) durations and intensities for the eastern Greenland
Sea (75.00–80.25◦ N, 4.50–10.50◦ E) over the ACLOUD/PASCAL comparison period (23 May–26 June 1998–2017), based on ERA-I data.
Colored boxes represent the number of MCAO and WAA events over 1998–2016, with specific years indicated in white. Black bullseye
symbols represent 2017 events.
2006 to September 2007 (see Fig. 1a) and thus within the
trend of rapidly rising Arctic temperatures (Vihma et al.,
2008). Even so, the summer (as defined by snow/sea ice tem-
perature) started later at Tara than at SHEBA 9 years ear-
lier: on 9 June compared to 30 May. Similarly, the mean
profiles from April to August were warmer and moister dur-
ing SHEBA (Vihma et al., 2008). These warmer conditions
might be a result of the more northerly location of Tara com-
pared to SHEBA. While also taking place mostly north of
SHEBA, mean profiles during ACLOUD/PASCAL were typ-
ically warmer and moister than during SHEBA (Fig. 8), plau-
sibly due to the relatively warm West Spitsbergen Current
(Aagaard et al., 1987) and/or the more synoptic active Arctic
North Atlantic sector of ACLOUD/PASCAL (Serreze et al.,
1997).
The Swedish icebreaker Oden has been regularly deployed
in the Atlantic sector of the Arctic Ocean over the last
decades. It was used for the two expeditions (AOE-96 in
July–September 1996 and AOE-2001 in June–August 2001),
as well as the more recent ASCOS expedition in August–
September 2008 (Tjernström et al., 2012; see Fig. 1a). While
their main focus was on the late summer season, compar-
isons to the more recent ACLOUD/PASCAL campaign are
still relevant due to the more southerly location and stronger
influence of the Arctic amplification of the latter.
ASCOS was dominated by anticyclonic atmospheric cir-
culation, while cyclonic circulation prevailed during AOE-
96 and AOE-2001 (Tjernström et al., 2012). During the
ACLOUD/PASCAL measurement period, we found strong
daily variability (Video S1), with cyclonic and anticyclonic
circulation governing CP and WP, respectively (Fig. 9a and
c). Nevertheless, similar to ACLOUD/PASCAL (Fig. 7), sig-
nificant differences in airflow regimes were also observed
during ASCOS (Fig. 9 in Tjernström et al., 2012).
Similar to the AOE-96, SHEBA, AOE-2001, and ASCOS
campaigns (Tjernström et al., 2012), we observed inversions
and these mostly in the lowest kilometer in almost all pro-
files when Polarstern was located in the sea-ice-covered area
(Fig. 5). Of the three mean profiles in Fig. 8, NP (i.e., the
last and most representative key period) corresponds best to
the profiles from AOE-96, SHEBA, AOE-2001, and ASCOS
(Fig. 15a and b in Tjernström et al., 2012).
Most comparable to ACLOUD/PASCAL is the N-
ICE2015 expedition (see Fig. 1a). This took place in the sea
ice north of Svalbard and included sea ice drift measurements
in winter and spring 2015 (Granskog et al., 2016). May and
June temperature values and variability were similar in 2015
(Fig. 3b in Cohen et al., 2017) and 2017 (Fig. 2b here), with
mostly lifted temperature inversions and surface-based hu-
midity inversions (Fig. 3 in Kayser et al., 2017 compared
to Fig. 5 here). As observed during SHEBA, Tara, and N-
ICE2015 (Cohen et al., 2017), the summer began around the
first week of June during ACLOUD/PASCAL (Fig. 2b here).
In general, ACLOUD/PASCAL was to a low degree in-
fluenced by synoptic cyclones, as indicated by the few sig-
nificant changes in the temperature and humidity time series
(Fig. 2b and c) in association with the changes in the pres-
sure time series (Fig. 2a). In this respect, the conditions dur-
ing N-ICE2015 were different, when a persistent and anoma-
lous low pressure centered over the Barents Sea dominated
the corresponding season (Cohen et al., 2017). In 2015, this
caused more abrupt shifts in cloud cover due to the associ-
ated cyclonic circulation (Cohen et al., 2017; Graham et al.,
2017; Kayser et al., 2017); in 2017, we observed the cloudi-
est conditions in association with cyclonic circulation (Figs.
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9a and 11a). We also found no significant precipitation events
to follow from pressure drops (Fig. 2a and c here compared
to Fig. 3a in Cohen et al., 2017).
6 Summary and concluding remarks
This paper provides an overview of the synoptic development
during the ACLOUD airborne and PASCAL ship-based field
campaigns, which took place near Svalbard from 23 May to
26 June 2017. This development is characterized by near-
surface and upper-air meteorological observations, satellite,
and model data.
Time series of the data from Ny-Ålesund (at 79◦ N, 12◦ E)
and Polarstern ocean-crossing (in the Nordic Seas north of
the Arctic Circle) and ice-attached locations (at about 82◦ N,
10◦ E) during the 35-day measurement period are presented
and compared to the long-term near-surface and radiosonde
measurements conducted in Ny-Ålesund. Additionally, we
computed the MCAO index and compared this to its clima-
tology of the region.
Relative to the long-term averages, we identified three key
periods representative of the distinct synoptic states during
the ACLOUD/PASCAL measurement period: (1) a cold pe-
riod (CP; 23–29 May; 7 days), (2) a warm period (WP;
30 May–12 June; 14 days), and (3) a normal period (NP;
13–26 June; 14 days). These were characterized by (1) cold
and dry Arctic air advected from the north, (2) warm and
moist maritime air transported from the south and east, and
(3) close-to-average temperate and moist air from a mix-
ture of regions (but dominated by adiabatically warmed air
from the west). The sea ice drift during ACLOUD/PASCAL
was strongly influenced by the large-scale atmospheric cir-
culation and featured an anomalous southerly sea ice edge
in the Fram Strait, packing of the ice edge, and opening
of the Northeast Water Polynya in CP, WP, and NP, re-
spectively. Associated with the cold and dry Arctic airflow,
low-level stratus clouds prevailed over the open ocean in
CP, while the warm air advection coincided with complex
cloud systems having considerable vertical extent in WP. NP
showed a mix of both conditions. Thus, relative to the long-
term observations, we found short-term variability in atmo-
spheric circulation to dominate the weather condition during
ACLOUD/PASCAL.
The work presented in this paper shows that the synop-
tic variability in this region and time period is found to
largely determine the surface meteorology, atmospheric pro-
files, and the cloud distribution. This synoptic variability is
connected to the large-scale atmospheric variability, which
itself was strongly linked to the sea ice distribution during
the ACLOUD/PASCAL period. The analysis confirmed the
conclusion by Kayser et al. (2017), who suggested that ob-
servations above Ny-Ålesund are fairly representative of the
middle-to-upper troposphere in the ACLOUD/PASCAL re-
gion. However, for understanding surface observations, the
knowledge of the boundary layer variability is key.
Our focus was limited to the North Atlantic sector of the
Arctic. Hence, the results presented here do not necessarily
translate to the entire Arctic climate system because the re-
gional differences are too large (e.g., Serreze et al., 2011;
Cavalieri and Parkinson, 2012; Koyama et al., 2017). For ex-
ample, sea ice coverage in the region was anomalously high
and reached far south as a result of the strong southward
drift during CP and, albeit weaker, still southward drifts dur-
ing WP and NP. Nevertheless, considering the sparsely ob-
served Arctic region, the extensive ACLOUD/PASCAL cam-
paign offers unique measurements covering the entire tro-
pospheric column, with observations over the open ocean,
sea ice, and snow. Most measurements performed during
ACLOUD/PASCAL will be continued in the framework of
MOSAiC, including a 1-year ice drift of Polarstern and nu-
merous aircraft- and ground-based activities. Thus, while
MOSAiC will strongly benefit from the results and experi-
ences gained from ACLOUD/PASCAL, the continuity of ob-
servations in this Arctic region is anticipated to considerably
improve the understanding of the cloud-related processes in
the Arctic atmosphere, as well as the ocean–ice–atmosphere
interaction from turbulent and radiative energy fluxes. Ulti-
mately, this will strengthen synoptic forecasting in weather
models, benefiting actors beyond the scientific community.
Code and data availability. The surface-based measurement data
used in this paper are available through the information system
PANGAEA (Maturilli, 2017a, b; Schmithüsen, 2017, 2018), hosted
by AWI, Helmholtz Center for Polar and Marine Research and the
Center for Marine Environmental Sciences (MARUM), UB, and
the MET Norway web portal eKlima (http://eklima.met.no/, last
access: 13 December 2017). Satellite data are accessible through
UB (Spreen et al., 2017), NSIDC (Fetterer et al., 2018), OSI SAF
(Lavergne et al., 2010), and the European Organisation for the Ex-
ploitation of Meteorological Satellites (EUMETSAT; EUMETSAT,
2017). Finally, the reanalysis and analysis data used in this study
can be obtained from ECMWF (Dee et al., 2011). The authors have
made software code that was developed for analysis of these data
available in the Supplement.
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Appendix A
Figure A1. Vertically integrated water vapor (IWV; in kg m−2; shading), 700 hPa geopotential height (in meters; black contours), and sea
ice edge (defined by 15 % concentration; white line) for (a) 06:00 UTC on 30 May, (b) 12:00 UTC on 6 June, (c) 12:00 UTC on 9 June, and
(d) 00:00 UTC on 13 June 2017, based on ERA-I data. In panels (a) and (b), red arrows indicate the IWV transport (IVT; in kg m−1 s−1)
within the atmospheric rivers affecting Ny-Ålesund.
Figure A2. Time series of daily Arctic oscillation (AO) and Arctic dipole (AD) indices over the ACLOUD/PASCAL extended period (9 May–
1 July 2017), based on ERA-I data. Dotted boxes indicate the ACLOUD/PASCAL measurement period (23 May–26 June), while vertical
lines separate the three key periods (CP, WP, and NP) defined in Sect. 4.
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Figure A3. Cloud (a) cover fraction and (b) top pressure averaged over the central ACLOUD/PASCAL region (76–82◦ N, 0–20◦ E; black
boxes in Fig. 11) over the ACLOUD/PASCAL measurement period (23 May–26 June 2017), based on IASI data. Ticks indicate the 5th and
95th percentiles.
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